MicroRNAs (miRNAs) are single-stranded, nonprotein-coding, endogenously expressed, small RNAs 19 to 25 nucleotides in length. Recognizing the lack of specific and systematic studies on genome-wide mapping of grapevine (Vitis vinifera L.) miRNAs, we conducted genome-wide mapping of Vv-miRNAs (V. vinifera miR-NAs), SB-miRNAs (V. vinifera L. 'Summer Black' miRNAs), and Va-miRNAs (V. amurensis Rupr. miRNAs). The mapping results revealed that many of miRNAs located within the intergenic region had independent transcription units. To further validate the mapping results and existence of miRNAs, 12 randomly selected precursors of miR-NAs (pre-miRNAs) were successfully cloned and sequenced. Subsequently, 15 conserved and 29 nonconserved intragenic (intronic, exonic) Vv-miRNA genes, 24 nonconserved intragenic SB-miRNA genes, and 23 nonconserved intragenic Va-miRNA genes were labeled on the basis of their locations in host genes, and 15 MIR-NA clusters were detected. Interestingly, five miRNA pairs, namely, Vv-MIR395b and Vv-MIR395c, Vv-MIR482 and Vv-MIRC13, Vv-MIR172a and Va-MIR057, SB-MIR024 and Vv-MIRC35, and Vv-MIRC36 and Va-MIR073 were clustered in the host genes GS-VIVT01011558001, GSVIVT01008132001, GSVIVT01031524001, GSVIVT01028156001, and GSVIVT01024516001, respectively. To validate the existence of target genes and miRNA-guided cleavage sites, 3-end product of four predicted target messenger RNAs were amplified by RNA ligase-mediated 5 rapid amplification of cDNA ends. In addition, we also conducted contrastive analysis on the genomic location of miRNAs and their potential target genes. Results showed that the order of priority of miRNA-target interaction may be less closely related with their genomic location. These findings could benefit some further study on grapevine functional genomics and will provide new insights into the regulatory mechanisms and evolution of miRNAs in Vitis species. chain reaction; pre-miRNA, precursor of miRNA; RACE, rapid amplification of cDNA ends; RLM-RACE, RNA ligasemediated 5 rapid amplification of cDNA ends; SB-miRNA, Vitis vinifera L. 'Summer Black' miRNA; TU, transcription unit; Va-miRNA, Vitis amurensis Rupr. miRNA; Vv-miRNA, Vitis vinifera L. miRNA.
M icrornas (miRNAs) are single-stranded, nonprotein-coding, endogenously expressed, small RNAs that were initially discovered in Caenorhabditis elegans (Lee et al., 1993) and later in animals (Ambros, 2004) , plants (Zhang et al., 2006b) , and some viruses (Cullen, 2006) . MicroRNAs, with lengths range from 19 to 25 nucleotides, have attracted the worldwide attention of researchers on gene expression regulation and gene therapy because of their regulatory effects on the development, metabolism, stress responses, and pathogen responses of unicellular (Zhao et al., 2007) and multicellular organisms (Lagos-Quintana et al., 2001) . In addition, the expression levels of miRNAs possess time-dependent and tissue-specific characteristics across species. To date, hundreds of miRNAs have been identified by computational and experimental approaches in many plants (Lu et al., 2005; Zhang et al., 2006a Zhang et al., , 2008 Zhao et al., 2010; Felippes et al., 2008; Sunkar et al., 2008; Szittya et al., 2008; Song et al., 2009a Song et al., , 2010 Yu et al., 2011) . Numerous studies also indicated that miRNAs regulated the growth and development of plants by repressing the expression of their target genes through direct cleavage or, in a few cases, by translational repression (Brodersen et al., 2008; Lai, 2004; Axtell et al., 2007; Rhoades et al., 2002) .
MicroRNAs are reportedly involved in fruit growth and development (Carra et al., 2009; Moxon et al., 2008; Zhang et al., 2012; Dong et al., 2012; Wang et al., 2011a Wang et al., , 2011b Wang et al., , 2012 Wang et al., , 2013 . Grapevine is an economically important fruit crop worldwide and has an important function in human diet and health. It is currently gaining attention as a preferable experimental system in fruit crops because it is the first fruit crop to have its genome fully sequenced (Jaillon et al., 2007; Velasco et al., 2007) . The released grapevine genomic sequences, together with the abundance of grapevine expressed sequence tags, benefit the bioinformatics prediction of miRNAs and their target genes. Previous studies discovered Vv-miRNAs in different wine grapevine cultivars of the same cultivar population of V. vinifera. Recent studies have also found miR-NAs in other grapevine cultivars, such as table grapevine cultivars (Wang et al., 2011a (Wang et al., , 2011b (Wang et al., , 2013 and Vitis amurensis Rupr. . In this study, we selected three Vitis species: two grapevine cultivars, Pinot Noir and Summer Black, and V. amurensis. Pinot Noir, grown in a range of soils for the production of red and sparkling wines, is a cultivated variety of grapevine, and its genome has already been sequenced. Summer Black is an elite table grapevine cultivar native to Japan and currently one of the most economically popular cultivars in Chinese viticulture (Wang et al., 2011a (Wang et al., , 2011b belonging to hybrid grapevine (V. vinifera L.  V. labrusca L.). Vitis amurensis is an important wild fruit crop with the strongest cold resistance among the Vitis species, is used as an excellent breeding parent for grapevine, and has elicited growing interest in wine production.
Genome-wide mapping of miRNAs and their potential target genes are important to the evolution and functional analyses of miRNAs. Previous studies conducted genome-wide mapping of miRNAs and their target genes in model plants such as Arabidopsis thaliana (L.) Heynh. The genome-wide mapping of grapevine miRNAs has not been systematically reported. However, the released grapevine genomic sequences, improved technology, and more refined mapping capabilities have allowed us to determine the locations of miRNAs in the grapevine genome. Therefore, in this paper we conducted genome-wide mapping and correlation analysis of grapevine miRNAs and their potential target genes. To further validate the mapping results and existence of miRNAs obtained from the three Vitis species, 12 precursors of miRNAs (pre-miRNAs) (Vv-MIR156a,h, Vv-MIR167a, Vv-MIRC12, Vv-MIRC30-5, Vv-MIRC40, SB-MIR009, SB-MIR013, SB-MIR022, Va-MIR003, Va-MIR005, and Va-MIR037) were successfully cloned and sequenced. Additionally, 3-end product of four predicted target messenger RNAs (mRNAs) (GSVIVT01035612001, GSVIVT01035062001, GSVIVT01032827001, GSVIVT01031229001) were amplified by RNA ligasemediated 5 rapid amplification of cDNA ends (RLM-RACE) procedure to validate existence of target genes and miRNA-guided cleavage site. This work will provide new insights into the functions, regulatory mechanisms, and evolution of miRNAs in the three Vitis species.
Materials and Methods
Plant Materials, Growth Conditions, and Extractions of Genomic DNA Young leaves were collected in 2014 from 3-yr-old Pinot Noir, 5-yr-old Summer Black, and 3-yr-old V. amurensis grown under standard grapevine cultivation conditions at the Fruit Experimental Farm, Nanjing Agricultural University, Nanjing, China. After collection, all the samples were immediately frozen in liquid nitrogen and stored at −80C until used. Genomic DNA was respectively isolated from 100 to 200 mg of leaves from the three different Vitis species using Plant Genome DNA Extraction Kit (Beijing Sunbiotech Co. Ltd.) The DNA concentration was measured by gel electrophoresis using a spectrophotometer and the DNA extract was kept at −20C until use.
High Molecular Weight RNA Extraction and Construction of cDNA Libraries of High Molecular Weight RNAs
Total RNA was extracted from 200 mg of the selected young leaves using an RNA extraction kit (SV total RNA isolation system; Promega). Genomic DNA was removed by 15-min incubation at 37C with RNase-Free DNase (TaKaRa) followed by an RNA Clean Purification Kit (BioTeke). Then, 10 M LiCl was used to separate the low and larger molecular weight RNA following procedures reported earlier (Song et al., 2009a) . The enriched library of 5 and 3 products of miRNAcleaved target mRNAs were used to study the cleavage interaction of miRNA on its targets, and in which high molecular weight (HMW) RNA were polyadenylated at 37C for 60 min in a 50 L reaction mixture comprising of 5 g of HMW RNAs, 1 mM ATP, 2.5 mM MgCl 2 , 5 mM 5 buffer, and 8 U poly(A) polymerase (Ambion), and HMW RNAs were ligated to a 5 adaptor (5-CGACUGGAGCACGAGGACACUGACAUG GACUGAAGGAGUAGAAA-3) using T4 RNA ligase (Invitrogen), respectively. Poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA were then recovered by phenol-chloroform extraction followed by ethanol precipitation. Reverse transcription was performed using 5 g of poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA, respectively, 1 g of (dT)30 RT primer (ATTCTAGAGGCCGAGGCGGCCGACATG-d[T]30 [A, G, or C] [A, G, C, or T]) with 200 U of SuperScript III reverse transcriptase (Invitrogen). Poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA (10 L total volume) were respectively incubated with 1 L of (dT)30 RT primer and 1 L dNTP mix (10 mM each) at 65C for 5 min to remove any RNA secondary structures. The reactions were chilled on ice for at least 2 min, then the remaining reagents (5 buffers, dithiothreitol [DTT], RNaseout, SuperScript III) were added as specified in the SuperScript III manual, and the reaction proceeded for 60 min at 50C. Finally, the reverse transcriptase was inactivated by 15 min incubation at 70C.
Data Source Preparation
Grapevine genome sequences were downloaded from Grape Genome Browser (12X) (http://www.genoscope. cns.fr/externe/GenomeBrowser/Vitis/) for miRNAs mapping. Grapevine unigene database (Vitis_vinifera_ mRNA.fa) was downloaded from the Genoscope FTP site (http://www.genoscope.cns.fr/agc/ftp/) to predicted target genes. The precursor and mature sequences of 136 known conserved miRNAs in grapevine were obtained from miRBase (version 21.0; http://www.mirbase.org/). The precursor and mature sequences of 60 nonconserved miRNAs in grapevine were obtained from a recent reference (Pantaleo et al., 2010) . Based on our earlier laboratory studies, we obtained the precursor and mature sequences of 126 conserved and 111 nonconserved miRNAs in V. amurensis, 130 conserved and 95 nonconserved miRNAs in the Summer Black, which is an elite table grapevine cultivar native to Japan and currently one of the most economically popular cultivars in Chinese viticulture (Wang et al., 2011a (Wang et al., , 2011b .) The mature sequences of A. thaliana were downloaded from miR-Base (http://www.mirbase.org/). The mRNA database of A. thaliana was downloaded from National Center for Biotechnology Information (NCBI) (http://www.ncbi. nlm.nih.gov/). To distinguish Vv-miRNAs from those miRNAs from Summer Black and V. amurensis, the latter were named SB-miRNAs and Va-miRNAs, respectively. The miRNAs from 28 grapevine conserved miRNA families were named conserved miRNAs, and the others were named nonconserved miRNAs.
Software Employed
The comparative software (BLAST 2.2.27) was downloaded from NCBI GenBank and all BLAST data were processed by initially converting FASTA format. Align Sequences Nucleotide BLAST (bl2seq) (http://blast.ncbi. nlm.nih.gov/Blast.cgi?PAGE_TYPE = BlastSearch) and Grape Genome Browser (12X) were used to analyze overlapping genes and localization (intergenic, intragenic). We also used Gene Structure Display Server (GSDS) (version 2.0; http://gsds.cbi.pku.edu.cn/) to label miRNA genes based on the location in host genes. Genoscope was used to determine the genomic locations of potential target genes for grapevine miRNAs.
Mapping of Precursor Sequences of MicroRNAs in the Grapevine Genome
The precursor sequences of 136 known conserved Vv-miRNA, 61 nonconserved Vv-miRNAs (including Vv-miR2111), 95 nonconserved SB-miRNAs, and 111 nonconserved Va-miRNAs were mapped to the grapevine genome using BLASTn. To obtain accurate experimental results, we only selected the precursor sequences of miRNAs that possessed the highest matching rates with genomic sequences. That is, only the sequence hit with the highest score was considered as the correctly mapped locus and the genomic position was recorded. Then, Grape Genome Browser and Align Sequences Nucleotide BLAST were used to obtain the overlapping genes and localization of miRNAs. The detailed procedure of mapping miRNA to the grapevine genome is summarized in Fig. 1 .
Cloning of Precursor Sequences of MicroRNAs in the Three Vitis Species
The genomic DNA obtained by the three Vitis species was used as a template for amplifying the precursor sequences of miRNAs with primers ( Supplementary  Table S1 ). Polymerase chain reaction (PCR) was performed under the following conditions: 94C for 5 min, followed by 35 cycles of 94C for 30 s, 53C for 30 s, and 72C for 30 s, with a final extension of 72C for an additional 10 min. The PCR products were detected by electrophoresis on a 2% agarose gel, and the target band were cut and purified by AxyPrepTMDNA Gel Extraction Kit (Axygen Biosciences, Hangzhou Co., Ltd.). The reclaimed PCR products were ligated into a pMD19-T vector and subsequently transformed into Escherichia coli DH5a. Positive colonies were selected, amplified, and sequenced by Invitrogen China (Shanghai, China). 
Labeling Intragenic MicroRNAs Based on the Location in Host Genes
The gene structure was detected by GSDS using the genomic sequences and coding region sequences (CDS) of host genes. The miRNA genes were labeled on the basis of their locations in host genes from the BLAST results. The host gene sequences (including untranslated regions, exons, and introns) and CDS were retrieved from Grape Genome Browser (12X).
Prediction of Potential Target Messenger RNAs for Grapevine MicroRNAs
Target predictions were performed based on the methods described by Allen et al. (2005) . Grapevine miRNAs were initially BLASTed against the grapevine unigene database (Vitis_vinifera_mRNA.fa) on Genoscope (http://www. genoscope.cns.fr/). BLASTn hits possessing less than four mismatches were chosen as the candidate targets and then Grape Genome Browser was used to obtain the location of the candidate targets. In addition, the miRNAs in A. thaliana were also BLASTed against the mRNA database of A. thaliana to predict potential target genes.
Mapping of Messenger RNA Cleavage Sites Using RNA Ligase-Mediated 5 Rapid Amplification of cDNA Ends
Total RNA was respectively extracted from 200 mg of young leaves from the three different Vitis species using an RNA extraction kit (SV total RNA isolation system; Promega). Genomic DNA was removed by 15 min incubation at 37C with RNase-Free DNase (TaKaRa) followed by an RNA Clean Purification Kit (BioTeke). The low molecular weight RNA and HMW RNAs were separated with 10 M LiCl (Song et al., 2009a) . After construction of libraries of poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA, the productions of reverse transcription of poly(A)-tailed HMW RNA and adaptor-ligated HMW RNA were performed with RLM-RACE using corresponding common primer and specific primers ( Table 1 ). The amplification products were gel purified, cloned, and sequenced, and at least eight independent clones were sequenced.
Results

Characterization of Known Conserved MicroRNAs in the Three Vitis Species
There have been reports on variation of miRNA sequences among diverse plant species due to evolution (Lu et al., 2005; Felippes et al., 2008) . Therefore, we investigated whether or not the sequences and numbers of the conserved miRNAs diverge among the three Vitis species. We compared the 136 conserved Vv-miRNAs deposited in the grapevine miRBase 20.0 belonging to grapevine with 130 conserved SB-miRNAs sequenced in Summer Black and 126 conserved Va-miRNAs sequenced in V. amurensis on the basis of our earlier laboratory studies. A total of 122 conserved miRNAs were verified to exist simultaneously in the three Vitis species. We further discovered that four miRNAs (miR160f, miR397b, and miR535d,e) have never been previously reported in grapevine. Compared with the 136 conserved Vv-miRNAs, 10 miRNAs (miR169y, miR171 g, miR172a,b, miR395n, miR399f, miR828b, miR845c,d,e) were not detected in Summer Black. Compared with Summer Black, V. amurensis lacked four conserved miR-NAs (miR156h, miR164b, miR845a, and miR845b). In addition, 67 conserved miRNAs had identical sequences among the three Vitis species. Four miRNAs (miR160f, miR535d,e, and miR164b) with identical sequences were only found in two Vitis species. The remaining homologous miRNAs from two or three Vitis species varied in length with one to three base differences. The divergences of the conserved miRNAs in the three Vitis species are listed in Supplementary Table S2 .
Genome-Wide Mapping of Precursor Sequences of MicroRNAs in Grapevine
To obtain the genomic location of grapevine miRNAs, we mapped the precursor sequences of the conserved and nonconserved miRNAs to the grapevine genome. We used the precursor sequences of miRNAs for mapping to accurately obtain the mapping results. Using precursor sequences can avoid sequence mismatch. We initially mapped the precursor sequences of 136 known conserved Vv-miRNAs from miRBase to the grapevine genome. The results revealed that all 136 pre-miRNAs can perfectly match to the grapevine genome. Moreover, the precursor sequences of miR171d can perfectly match to the two Table 1 . Primer sequences for RNA ligase-mediated 5 rapid amplification of cDNA ends (RLM-RACE) of the 3 products of microRNA (miRNA) cleaved target genes. miRNA no. † Target gene
Forward primer sequences (5-3) (common primer)
Reverse primer sequences (5-3) (specific primers)
positions of the grapevine genome. To distinguish Vv-miR171d, the two locations of the grapevine genome were named Vv-miR171d_r1 and Vv-miR171d_r2, respectively. The mapping details of the 136 known conserved Vv-miRNAs are listed in Supplementary Table S3 . We also mapped the precursor sequences of 61 nonconserved Vv-miRNAs (including Vv-miRNA2111) to the grapevine genome. The results showed that 56 nonconserved Vv-miRNAs can perfectly match to the grapevine genome. In addition, four nonconserved Vv-miRNAs (Vv-miRC11-1, Vv-miRC11-3, Vv-miRC11-4, and Vv-miRC25-1) had several nucleotide mismatches and exhibited matching rates (identity) of 95.07, 99.4, 99.2, and 97.5%, respectively. Pre-miRNAs and known grapevine genome have several nucleotide mismatches either because of the minimal evolutionary divergence of sequencing grapevine, Summer Black, and V. amurensis or because of genome sequencing errors. In this regard, we also reserved and made genome annotation for four nonconserved Vv-miRNAs (Vv-miRC11-1, Vv-miRC11-3, Vv-miRC11-4, and Vv-miRC25-1). However, Vv-miRC5 did not match to the grapevine genome; therefore, it was not annotated. The mapping details of the nonconserved Vv-miRNAs are listed in Supplementary Table S4 .
To deeply and comprehensively research grapevine miRNAs, we also performed genome-wide mapping of nonconserved Va-miRNAs and SB-miRNAs. We initially mapped the precursor sequences of 95 nonconserved SB-miRNAs to the grapevine genome. The results showed that 90 nonconserved SB-miRNAs can perfectly match to the grapevine genome. Five nonconserved SB-miR-NAs (SB-miR028, SB-miR036, SB-miR042, SB-miR049, and SB-miR050b) exhibited matching rates of 97. 44, 99.26, 97.99, 99.12, and 98 .91%, respectively. Moreover, the precursor sequences of SB-miR028, SB-miR050b, and SB-miR061 can be matched to the two positions of the grapevine genome, respectively. To distinguish SB-MIR028, the two locations of the grapevine genome were named SB-MIR028_r1 and SB-MIR028_r2, respectively. Similarly, the two locations of SB-MIR050b were named SB-MIR050b_r1 and SB-MIR050b_r2, and those of SB-MIR061 were named SB-MIR061_r1 and SB-MIR061_r2. We also mapped the precursor sequences of 111 nonconserved Va-miRNAs to the grapevine genome. The mapping results in V. amurensis showed that 109 nonconserved Va-miRNAs can perfectly match to the grapevine genome and that two nonconserved Va-miRNAs (Va-miR064 and Va-miR091) exhibited matching rates of 97.03 and 98.46%, respectively. Moreover, the precursor sequences of Va-miR006a and Va-miR046 can be matched to the two positions of the grapevine genome, respectively. The two genomic locations of Va-miR006a were named Va-miR006a_r1 and Va-miR006a_r2. Similarly, the locations of Va-miR046 were named Va-miR046_r1 and Va-miR046_r2. The mapping details of nonconserved miRNAs for Summer Black and V. amurensis are listed in Supplementary Table S5 and S6.
Cloning of Precursor Sequences of MicroRNAs in the Three Vitis Species
To further validate the mapping results and existence of miRNAs, 12 randomly selected pre-miRNAs (Vv-MIR156a,h, Vv-MIR167a, Vv-MIRC12, Vv-MIRC30-5, Vv-MIRC40, SB-MIR009, SB-MIR013, SB-MIR022, Va-MIR003, Va-MIR005, and Va-MIR0037) were successfully cloned (Fig. 2) . The PCR products were detected by electrophoresis on a 2% agarose gel, and the target bands were cut and purified by AxyPrepTMDNA Gel Extraction Kit (Axygen Biosciences, Hangzhou Co., Ltd.). Then, the PCR products were ligated into a pMD19-T vector and subsequently transformed into Escherichia coli DH5a. Positive colonies were selected, amplified, and sequenced by Invitrogen China (Shanghai, China). The sequencing results were successfully mapped to the reference genome, consistent with the known precursor sequences of miRNAs. 
Identification of Intergenic MicroRNA and Intragenic (Intronic, and Exonic) MicroRNAs in Grapevine
According to genomic organization, miRNA genes can be defined as intergenic and intragenic miRNA genes. Intergenic miRNAs have independent transcription units (TUs), including promoter, transcript sequence, and terminator units, and they do not overlap with other genes (Olena and Patton, 2010; Yang et al., 2012) . However, intragenic miRNAs are located within other TUs (host genes) within either intronic or exonic regions (Olena and Patton, 2010; Lagos-Quintana et al., 2003) . Intronic miRNAs are found in the introns of host genes and both protein-coding and noncoding RNAs (Ying and Lin, 2004 , 2005 , 2006 . These miRNAs can be present as a single miRNA or as a cluster of several miRNAs (Olena and Patton, 2010) . The expression of intronic miRNA genes largely coincides with the transcription of host protein-coding genes, indicating that these miRNAs and the mRNAs of their host genes may be coregulated and derived from a common precursor transcript (Bartel, 2004; Baskerville and Bartel, 2005) . However, exonic miRNAs often overlap an exon and an intron of a noncoding gene. These miRNAs are also speculated to be transcribed by their host gene promoter and their maturation often excludes host gene function (Rodriguez et al., 2004) . In the special case of mirtrons, the intron of the host gene is the exact sequence of the pre-miRNA with splice sites on either side. They did not arise from the canonical miRNA biogenesis pathway but from an alternative pathway through RNA splicing rather than Drosha (Ruby et al., 2007) . Thus, Drosha processing is unnecessary in mirtron maturation (Okamura et al., 2007) . In addition, some miRNAs were located in both intergenic and intragenic regions and were denoted as mixed miR-NAs. Genomic locations of miRNAs are shown in Fig. 3 .
To identify intergenic and intragenic (intronic and exonic) miRNAs genome-wide in grapevine, we further analyzed the mapping results of conserved and nonconserved miRNAs in the three Vitis species by Genoscope and Align Sequences Nucleotide BLAST (bl2seq). We initially analyzed the mapping results of 136 known conserved Vv-miRNAs and obtained localization (intergenic, intronic, exonic, and mixed regions) and overlapping genes by Genoscope and bl2seq. The results indicated that 120 pre-miRNAs (88% of total miRNAs) were located in the intergenic region, eight pre-miRNAs (6% of total miRNAs) in the intronic region, and eight pre-miRNAs (6% of total miRNAs) in the exonic region ( Fig. 4a ). Localization (intergenic, intronic, exonic, and mixed) and overlapping genes of 136 known conserved Vv-miRNAs are listed in Supplementary Table S3 . The gene structure was detected by GSDS based on the genomic sequences and CDS of host genes. The schematic structures of host genes carrying conserved intragenic (intronic and exonic) miRNAs in grapevine are shown in Fig. 5a .
We also obtained localization and overlapping genes of nonconserved miRNAs from the three Vitis species. Further analysis of the mapping results indicated that 28 pre-miRNAs (47% of the total) were located in the intergenic region, 24 pre-miRNAs (40% of the total) in the intronic region, and five pre-miRNAs (8% of the total) in the exonic region. Three pre-miRNAs (5% of the total) were located in both intergenic and intragenic regions, and were denoted as mixed miRNAs (Fig. 4b ). Further analysis of the mapping results indicated that 72 pre-miRNAs (74% of the total) were located in the intergenic region, 19 pre-miRNAs (19% of the total) in the intronic region, and three pre-miRNAs (3% of the total) in the exonic region. In addition, four pre-miRNAs (4% of the total) were located in mixed regions (Fig. 4c ). We also obtained localization and overlapping genes of those nonconserved Va-miRNAs. Further inspection of the mapping results indicated that 85 pre-miRNAs (75% of the total) were located in the intergenic region, 18 pre-miRNAs (16% of the total) in the intronic region, and five pre-miRNAs (5% of the total) in the exonic region. In addition, five pre-miRNAs (4% of the total) were located in both intergenic and intragenic regions, and were denoted as mixed miRNAs (Fig. 4d) . Localization and overlapping genes of nonconserved miRNAs in the three Vitis species are listed in Supplementary Tables S4 through S6 . The schematic structures of host genes carrying nonconserved intragenic (intronic and exonic) miRNAs in grapevine, Summer Black, and V. amurensis are shown in Fig. 5b, 5c , and 5d, respectively. Overall, the results demonstrated that the vast majority of miRNA genes resided within intergenic regions in three different Vitis species; the opposite is true in animals (Rodriguez et al., 2004; Griffiths-Jones et al., 2008) . Additionally, the results also demonstrated that exonic miRNAs were rarer than either intronic or intergenic miRNAs in the three Vitis species. Surprisingly, mirtrons were not detected after the genome-wide mapping of the miRNAs of the three Vitis species.
Identification of Clustering of MicroRNA Genes in Grapevine
Approximately 36 to 47% of miRNAs are found in clusters in zebrafish, mouse, and human (Griffiths-Jones et al., 2008; Thatcher et al., 2008) . It has been reported that a total of 55 and 51 distinct miRNA clusters exist in the human and mouse genomes, respectively (Yuan et al., 2009; Yu et al., 2006) . However, little is known about miRNA clustering in plants. Therefore, we examined the potential clustering of miRNAs in the grapevine genome and determined the genomic organizations of miRNA genes in the three Vitis species within 10 kb regions. Our analysis of the 136 conserved and 60 nonconserved Vv-miRNA revealed that 15 miRNA clusters were predicted for 42 miRNA genes (Table 2) . Within these miRNA genes, 38 were located in the intergenic region, three in the introns of host genes, and only one in the mixed region. In addition to Vv-MIR167c-d, 14 remaining Vv-MIRNA clusters, including nine pairs, one triplet, two groups of four, one group of five, and one group of six, were located on Chr1, 5, 10, 11, 15, and 17. Notably, Vv-MIR167c-d located on ChrUn (unknown chromosome), and four miRNA clusters appeared on Chr1 and Chr11. This number was higher than that on the other chromosomes. Those miRNA clusters with members from the same miRNA family were relatively concentrated on the same chromosomes. In addition, most of the members of the miRNA clusters were derived from the same family in grapevine. Vv-MIR482-3633a-3633b, which was located on Chr17, was the only cluster that comprised miRNAs from two different families. The length of miRNA clusters varied from 339 to 14,666 bp, with an average of 6707 bp. Furthermore, three nonconserved SB-MIRNA clusters (SB-MIR080-035, SB-MIR046-045, and SB-MIR052-050a) were found and located on three chromosomes. Two nonconserved Va-MIRNA clusters, which were Va-MIR014-015, Va-MIR033-044, located on two chromosomes. The chromosomal locations of the predicted grapevine miRNA clusters are shown in Fig. 6 .
Interestingly, five miRNA pairs, namely, Vv-MIR395b and Vv-MIR395c, Vv-MIR482 and Vv-MIRC13, Vv-MIR172a and Va-MIR057, SB-MIR024 and Vv-MIRC35, and Vv-MIRC36 and Va-MIR073, were clustered in the host genes GSVIVT01011558001, GSVIVT01008132001, GSVIVT01031524001, GSVIVT01028156001, and GSVIVT01024516001, respectively. The members of three miRNA clusters (Vv-MIR172a-Va-MIR057, SB-MIR024-Vv-MIRC35, and Vv-MIRC36-Va-MIR073) originated from the different Vitis species. These miRNAs (Vv-MIR395b, Vv-MIR395c, Vv-MIR482, Vv-MIR172a, SB-MIR024, Vv-MIRC35, Vv-MIRC36, and Va-MIR073) were located in the introns of host genes. However, Va-MIR057 was located in the upstream of host genes, and most of Vv-MIR3633a was located in their host genes.
Prediction and Genomic Mapping of Target Genes for Grapevine MicroRNAs
To gain insight into the functions of miRNAs and to identify the correlations between miRNAs and their target genes in grapevines, the prediction and genomic mapping of target genes is essential. To date, bioinformatics methods based on the high homology between miRNAs and target genes are employed as the most efficient and preferential approaches to identify target genes (Song et al., Yao et al., 2007) . In the present study, 282 potential target genes for conserved grapevine miRNAs can be predicted based on perfect or near-perfect matches between miRNAs and their target genes following a set of previously reported criteria Schwab et al., 2005) ( Supplementary Table S7 ). The results showed that the potential target genes for 38 conserved miRNAs (miR168; miR169b,d,h,i,r,t,v,x, miR171b; miR172a,b; miR395a-m; miR398a,b,c; miR399e-g; miR482; and miR845a-e) from 10 miRNA families cannot be predicted by bioinformatics methods. However, their potential target genes for four miRNAs (miR172b and miR395a,d,e) in A. thaliana can be predicted by bioinformatics methods because we used a computationally predicted transcript set Vitis_vinifera mRNA.fa from the Genoscope FTP site, which is likely to be incomplete. Then, we obtained the genomic location of their potential target genes for nonconserved grapevine miRNAs by Genoscope. Meanwhile, 70 potential target genes for 61 nonconserved Vv-miRNAs can be predicted by bioinformatics methods (Supplementary Table S8 ). However, the potential target genes for 41 nonconserved Vv-miRNAs cannot be predicted by bioinformatics methods. The results showed that six Vv-miRNAs, namely, Vv-miRC3, Vv-miRC12, Vv-miRC25-1, Vv-miRC25-2, Vv-miRC27, Vv-miRC42, possessed 7, 5, 7, 7, 11, and 12 potential target genes, respectively. The number of potential target genes for these Vv-miRNAs accounted for 70% of the total. We also obtained the genomic location of their potential target genes for 61 nonconserved Vv-miRNAs by Genoscope. Additionally, 93 and 129 potential target genes for 98 nonconserved SB-miRNAs and 113 nonconserved Va-miRNAs were predicted by the same methods, respectively ( Supplementary  Table S9 , S10). However, we cannot predict their potential target genes for 48 nonconserved SB-miRNAs and 60 nonconserved Va-miRNAs. We also obtained the genomic location of their potential target genes for the nonconserved SB-miRNAs and Va-miRNAs by Genoscope.
Experimental Verification of MicroRNA-Guided Cleavage of Target Messenger RNAs in Grapevine by RNA Ligase-Mediated 5 Rapid Amplification of cDNA Ends
The detection of cleaved products of the miRNA target genes is necessary to the study of mechanisms by which miRNAs regulate their target genes. As earlier reported, most miRNAs negatively regulate target genes through miRNA directed cleavage within the region of complementarity or interfering with translation (Carrington and Ambros, 2003; Ambros, 2004; Allison and Vaucheret, 2004; Bartel, 2004; Dugas and Bartel, 2004) . Slicing of target mRNAs can facilitate successful verification of target genes through the method of detecting cleavage products and sites of target mRNAs. It is obvious that the RLM-RACE procedure can exactly determine the cleavage sites of miRNAs on their target genes. This verification result can also be evidence supporting the reality of the target gene for the corresponding miR-NAs. Most A. thaliana miRNAs have been shown to guide cleavage of their target genes (Jones- Rhoades and Bartel, 2004; Llave et al., 2002; Sunkar and Zhu, 2004) .
To validate whether the predicted targets for these miR-NAs in the three Vitis species can also be cleaved and show their cleavage sites, we selected four miRNAs (Vv-miR166a, Vv-miRC11-4, SB-miR014, and Va-miR099) and used the RLM-RACE procedure to map the cleavage sites in predicted target genes from four miRNAs. The primers used are as listed in Table 1 . All the anticipated RLM-RACE PCR products showing distinct bands on agarose gels were isolated and sequenced. The sequencing results showed that the four target mRNAs could be cleaved and the cleavage sites on the target genes, including GSVIVT01035612001 and GSVIVT01035062001, were often located at the 10th nucleotide from 5 end at the binding sites, while the cleavage sites on GSVIVT01032827001 and GSVIVT01031229001 genes were located at the 13th and 12th nucleotides (Fig. 7) .
Comparison of Genomic Location Between MicroRNAs and Their Target Genes
The comparison of genomic locations between miRNA and target genes may be helpful to gain insights into the regulation of miRNA for target genes in grapevine. Therefore, we compared the genomic location of target genes and miRNAs, which were previously mapped to the grapevine genome. In the present study, we initially compared the genomic location of the conserved miRNAs from 28 miRNA families in grapevine with their target genes. The results revealed that 11 pairs of miRNAs and their potential target genes were located on the same chromosomes, including Vv-miR156d,e and GSVIVT01032239001, Vv-miR160d and GSVIVT01025691001, Vv-miR167b and GSVIVT01032376001, Vv-miR171g and GSVIVT01008901001, Vv-miR172c and GSVIVT01016352001, Vv-miR319f and GSVIVT01037362001, Vv-miR403f and GSVIVT01028145001, Vv-miR477 and GSVIVT01010305001, and Vv-miR535a,c and GSVIVT01001543001. The proportion of the known conserved grapevine miRNAs and their target genes located on the same chromosomes was only 3.9% (11 out of 282). The consistency details of the known conserved grapevine miRNAs and their potential target genes are shown in Supplementary Table S7 . We also compared the genomic location of 61 nonconserved Vv-miRNAs and their potential target genes. Our results showed that 12 pairs of miRNAs and their potential target genes were located on the same chromosomes, including Vv-miRC3 and GSVIVT01029956001, Vv-miRC25-1,2 and GSVIVT01032175001, GSVIVT01027307001, GSVIVT01027246001, GSVIVT01027237001, GSVIVT01027285001, and Vv-miRC27 and GSVIVT01020179001. The proportion of the 61 nonconserved Vv-miRNAs and their target genes located on same chromosomes was 17.1% (12 out of 70). The consistency details of the nonconserved Vv-miRNAs The arrows indicate the 5 termini of mRNA fragments isolated from grapevine, as identified by cloned RLM-RACE products, with the frequency of clones shown. Only the cloned sequences that matched the correct gene and had 5 ends within a 100 nt window centered on the miRNA validation are included. The partial mRNA sequences from the target genes were aligned with the miRNAs. The numbers indicate the fraction of cloned polymerase chain reaction products terminating at different positions.
and their potential target genes are shown in Supplementary Table S8 . Meanwhile, we also compared the genomic location of 98 nonconserved SB-miRNAs and their potential target genes. Our results revealed that six pairs of SB-miRNAs and their potential target genes were located on the same chromosomes, including SB-miR040 and GSVIVT01026099001, GSVIVT01026094001, and GSVIVT01008782001; SB-miR060 and GSVIVT01036408001; SB-miR067 and GSVIVT01025548001 and GSVIVT01025635001. The proportion of 98 nonconserved SB-miRNAs and their target genes located on the same chromosomes was 6.5% (6 out of 93). The consistency details of the SB-miRNAs and their potential target genes are shown in Supplementary Table S9 . We also compared the location of 113 nonconserved Va-miRNAs and their potential target genes. Five pairs of Va-miRNAs and their potential target genes were located on the same chromosomes, including Va-miR018 and GSVIVT01001088001, Va-miR046 and GSVIVT01036408001, Va-miR052 and GSVIVT01038640001, Va-miR058 and GSVIVT01025100001, and Va-miR072 and GSVIVT01012194001. The proportion of the 113 nonconserved Va-miRNAs and their target genes located on the same chromosomes was 3.9% (5 out of 129). The consistency detail of the nonconserved Va-miRNAs and their potential target genes are shown in Supplementary  Table S10 . To obtain a more persuasive conclusion, we also compared the location of 121 known miRNAs in A. thaliana with their 629 potential target genes. The proportion of the 121 known miRNAs and their potential target genes located on the same chromosomes was 26% (164 out of 629). The consistency details of the 121 known miRNAs in A. thaliana and their potential target genes are shown in Supplementary Table S11 .
Discussion
Comparative Analysis of Known Conserved MicroRNAs in the Three Vitis Species
We performed sequence alignment analysis of the identified conserved SB-miRNAs and Va-miRNAs with 136 conserved Vv-miRNAs deposited in miRBase 20.0 (http:// www.mirbase.org/) to investigate further their function variation. Among the three Vitis species, the comparison analysis showed that 67 conserved homologous miRNAs were identical in sequences. In addition, four miRNAs (miR160f, miR535d,e, and miR164b) with identical sequences were found in two Vitis species. The remaining orthologs had one, two, or three different bases at either end of the sequences, indicating the variation and conservation of miRNAs in these three Vitis species. The high number of nucleotide discrepancy among orthologous miRNAs indicated that this variation was not an occasional event from sequencing errors, which may originate from sequence evolution and some differences in miRNA processing mechanisms. Since the three Vitis species in this study belonged to diverse geographical origins, some genomic evolution events might have occurred to these miRNAs in various grapevines along with their speciation (Dohm et al., 2008) . In addition, some errors during reverse transcription, amplification, and sequencing can also result in divergence of sequences. We also found that some of conserved miRNA existed sequence discrepancy in three Vitis species. Our observing further discovered that four miRNAs (miR160f, miR397b, miR535d, and miR535e) have never been previously reported in grapevine. This finding can be attributed to the inaccurate sequencing technology and the extremely low expression of the four miRNAs. Compared with the 136 conserved miRNAs in grapevine, some miRNAs, such as miR169y, miR171g, and miR172a,b, were not detected in Summer Black and V. amurensis. This result can be attributed to the extremely low expression of these miRNAs in Summer Black and V. amurensis. The real reason behind these phenomena is still unclear and thus, calls for further investigation.
Analysis of Intergenic and Intragenic (Intronic, Exonic) MicroRNAs in Grapevine
To the best of our knowledge, some studies performed the genomic annotation of miRNAs in A. thaliana, which is regarded as one of the major laboratory models of dicotyledons. However, there are barely few studies on genome annotation of miRNA in grapevine, especially in hybrid grapevine (V. vinifera  V. labrusca) and V. amurensis, which is a wild grapevine species in China. In the present study, we provided detailed information on the genomic annotation of miRNAs in grapevine. These detailed analyses on genomic annotation of miRNAs in grapevine can serve as a reference for future research on evolution. We found that the percentage of intragenic miRNAs in grapevine was approximately 0.9 times higher than in rice (23.0 vs. 25.4%) and 0.43 times higher than in A. thaliana (23.0 vs. 52.9%) (Yang et al., 2012) . We also found that the proportion of intronic miRNAs in grapevine was approximately 1.1 times higher than in A. thaliana and 2.8 times higher than in rice (Table  3) . This result may be due to the different genome sizes and numbers of miRNAs among grapevine, rice, and A. thaliana. Furthermore, it has been speculated that the current wealth of miRNA genes results mainly from genomic episodes dominated by large duplication events in addition to local expansions (Bentwich et al., 2005; Hertel et al., 2006; Shomron et al., 2009 ). These events occur frequently in both intergenic and intronic regions (Shomron et al., 2009; Weber 2005; Kim and Kim, 2007) . Maher et al. (2006) reported that the evolution of A. thaliana miRNA genes happened as a process of genomewide duplication, tandem duplication, and segmental duplication followed by dispersal and diversification; duplicated copies acquire new functions through changes in spatial and temporal expression patterns. The process of genome evolution by duplication appears to have been quite different in the three Vitis species. In summary, the different genome duplication mechanisms in the three species perhaps may cause the higher percentage of intronic miRNAs in grapevine than in rice and A. thaliana. In addition, considering the possibility of coexpression pattern between intronic miRNAs and their host genes, we also investigated the host genes individually. We found that miRNAs may have some tendency to reside in host genes related to the transcription process. For example, the host genes of Vv-MIR171g have transcription factor activity. Moreover, the host genes of Vv-MIR156h have transcription factor binding activity. Finally, we also found that the percentages of intragenic miRNAs in the nonconserved miRNAs in Summer Black and V. amurensis are 22 and 21%, respectively, which were approximately 1.8 times higher than those in the conserved miRNAs in grapevine. However, the percentage of intragenic miRNAs was approximately 4.0 times higher in the nonconserved Vv-miRNAs than in the conserved Vv-miRNAs (48 vs. 12%) ( Table 4 ).
Analysis of Clustering of MicroRNA Genes in Grapevine
In human and mouse genome, many of known miR-NAs have been shown to form clusters. However, little is known about miRNA clustering in plants. Therefore, the study on whether clustering of miRNA genes exist or not in grapevine is an interesting and important research work. Previous studies showed that some clusters reflected the processing of miRNAs from a single polycistronic transcript, implying that more than one pre-miRNA may be processed from the same primary transcript (Altuvia et al., 2005) . Additionally, this process also implied that the cotranscription of functionally different miRNAs in a cluster may simultaneously target several categories of genes (Guddeti et al., 2005; . By contrast, some other miRNA clusters demonstrated the independent and transcriptional regulation and relative long-distance physical location (Tanzer and Stadler, 2004) . In the present study, 15 Vv-MIRNA clusters, including 10 pairs, one triplet, two groups of four, one group of five, and one group of six were found. Vv-MIR167c,d was located on ChrUn (unknown chromosome), and the 14 remaining Vv-MIRNA clusters were located on Chr1, 5, 10, 11, 15, and 17. Additionally, we also noted that most of the members of the predicted miRNA clusters were derived from the same family. Vv-MIR482-3633a-3633b, which was located on Chr17, was the only cluster that comprised miRNAs from two different families, suggesting that the miRNA clusters may be involved in extremely complex regulation. Further analysis showed that the length of the miRNA clusters varied from 339 to 14,666 bp, with an average of 6707 bp. The varied size of these miRNA clusters suggests that they might be differentially transcribed and may offer unique functions for regulating expression of miRNAs. However, what is striking about most of these clusters in human is that they frequently contain representatives from different miRNA families, meaning the miRNAs of a given cluster can target different mRNAs (Yu et al., 2006) . The reason behind this phenomenon is still unclear and thus calls for further studies. The human miRNA clusters are frequently observed to have supersized clusters. The human hsa-miR-127 (also known as hsa-miR134), which resides on an imprinted region of the human chromosomes, contains more than 50 members and has been found as the largest miRNA cluster to date (Volinia et al., 2006) . However, such a large miRNA cluster has not been identified yet in grapevine. Nonetheless, these findings of miRNA clusters may provide information for understanding the functions and mechanisms of miRNAs in various biological processes.
Analysis of Genomic Mapping of Potential Target Genes for Grapevine MicroRNAs
In general, plant miRNAs negatively regulate their target genes in various kinds of developmental processes (Guo et al., 2005; Laufs et al., 2004; Mallory et al., 2004) as well as in response to environmental stimuli (Sunkar and Zhu, 2004; Jones-Rhoades and Bartel, 2004) . Many targets genes of conserved Vv-miRNA have been predicted (Jaillon et al., 2007; Velasco et al., 2007) , and some of them have already been verified experimentally (Carra et al., 2009; Pantaleo et al., 2010) . The present study predicted a number of target genes for highly conserved and nonconserved miRNAs by bioinformatics methods in three Vitis species to compare the genomic location of miRNAs with their target genes. Importantly, we predicted many potential target genes for nonconserved miRNAs from V. amurensis and Summer Black, belonging to hybrid grapevine (V. vinifera  V. labrusca). The potential target genes ( Supplementary Table S7 -S10), which belong to many important gene families comprising of multiple members, can be predicted. Consistent with the previous report of Floyd and Bowman (2004) , most of the predicted target genes in the present study were plant-specific transcription factors such as AP2, SBP, NF-YA, NAC, GRAS, Zinc finger (C2H2), and ARF family. Among these transcription factors, AP2, SPB, and GRAS are known important genes for regulating flower development (Hirsch and Oldroyd, 2009; Wu et al., 2009) . Besides, some predicted target genes were related to disease resistance, signal transduction, energy metabolism, and biosynthesis. Among the conserved and nonconserved miRNAs in the three Vitis species, many miRNAs had multiple target sites, such as SB-miR081 with 12 target sites, whereas in some cases a single target gene could be targeted by several Vv-miRNAs, for example, GSVIVT01018205001 regulated by 11 b, c, d, e, h, ). This result suggests that miRNAs may be functionally divergent or convergent and form some complicated regulatory networks between miRNAs and their target genes, which can provide plenty of information for gaining deep and comprehensive insight into miRNAs functions. In summary, a target gene may regulated by multiple miRNAs and several target genes may be targeted by a single miRNA. Consistent with the previous report of Wang et al. (2011b) , the present study revealed that the target genes for nonconserved Vv-miRNAs can also be possibly regulated by some conserved Vv-miR-NAs. Surprisingly, potential target genes for many highly conserved miRNAs were not predicted in grapevine because we used a computationally predicted transcript set Vitis_vinifera_mRNA_v1.fa from the Genoscope FTP site, which is likely to be incomplete. Further genome mapping for the potential target genes indicated that they can be mapped on all the 19 grapevine chromosomes. However, their distributions on chromosomes are uneven.
In addition, we also found that the distribution of miR-NAs on grapevine chromosomes exhibited similar trends with those of the target genes.
Validation of MicroRNA-Guided Cleavage of Target Messenger RNAs in Grapevine by RNA Ligase-Mediated 5 Rapid Amplification of cDNA Ends
The experimental verification of predicted target genes cannot only confirm their existence in grapevine, but also provide significant information and the needed insight to the roles of miRNAs in the growth and development of grapevine, including fresh berry quality formation. In this study, we selected four predicted target genes for miRNAs of three Vitis species to validate existence of target genes and miRNA-guided cleavage site. Nowadays, experimental approaches for validation of plant miRNAs targets mainly include RNA blotting, 5 rapid amplification of complementary DNA (cDNA) ends (Llave et al., 2002) , degradome sequencing (Addo-Quaye et al., 2008; Pantaleo et al., 2010) , and parallel analysis of RNA ends (German et al., 2008) . In this study, we employed RLM-RACE procedure, which can amplify 3-end product of miRNA cleaving their target mRNAs. The sequencing results showed that the four target mRNAs could be cleaved and the cleavage sites on the target genes, including GSVIVT01035612001 and GSVIVT01035062001, were often located at the 10th nucleotide from 5 end at the binding sites, while the cleavage sites on GSVIVT01032827001 and GSVIVT01031229001 genes were located at the 13th and 12th nucleotides. Our results enrich the knowledge of miRNA mediated regulation in grapevine and could benefit some further study on grapevine functional genomics.
Contrastive Analysis of the Genomic Site of MicroRNAs and Their Target Genes
Determining whether or not the positional relationship of the miRNAs and their target genes can influence miRNAs to regulate their target genes is important. Consequently, the comparison of the genomic location of miRNA and their potential target genes can provide important information for further investigation on the regulation of miRNAs for their target genes. In this study, we initially compared the genomic site of known conserved miRNAs with their potential target genes in grapevine. To obtain a persuasive conclusion, we also compared the genomic site of nonconserved miRNAs with their potential target genes in the three Vitis species. However, the proportion of the conserved grapevine miRNAs from 28 families, nonconserved Vv-miRNAs, SB-miRNAs, and Va-miRNAs, and their target genes located on the same chromosome that were 3.9, 17.1, 6.5, and 3.9%, respectively. The above results showed that the proportions of miRNAs and their potential target genes located on the same chromosomes were relatively low; in other words, order of priority of miRNA-target interaction may be less closely related to genomic location. The real reason behind this phenomenon is still unclear and, thus, calls for further studies. To observe the proportions that miRNAs and their potential target genes located on the same chromosomes in other species, we also compared the genomic site of known miRNAs with their potential target genes in A. thaliana. The results showed that the proportion of 121 known miRNAs and their target genes located on the same chromosome was 26% and that proportion in A. thaliana was higher than that in grapevine.
